Abstract
Main directions of geodynamic research in Antarctica.
A unique geophysical and geodynamic environment of Polar Regions can be characterized by tie connection between solid earth, cryosphere, hydrosphere, and atmosphere. Geodetic and geophysical observations in permanent and temporary stations play a significant role in a scientific research of the processes, and are directly connected with global climate changes. Within the last 25 years there have been established many geodetic observatories in the Antarctic. The observations methods include Global Navigation Satellite System (GNSS) -GPS, GLONASS , GALILEO, Doppler Orthography and Radiopositioning Integrated by Satellite (DORIS) -tidal, absolute and relative gravimetric, seismic and meteorological observations. Expert Group was established in the framework of Scientific Community of Antarctic Research (SCAR) and Geodetic Infrastructure of Antarctica (GIANT). This group plays a significant role in coordination and development of international geodetic and geophysical infrastructure and projects in Antarctica (Scientific Community of Antarctic Research -2016) .
Due to complicated climatic conditions, geodynamic research in Antarctica is substantially limited in space. In accordance with this, research of some Antarctic regions is uneven in time and space. Even for today, most part of Antarctica is a "white spot" in terms of field geodynamic observations (Fig. 1) .
The main goal of the first GPS measurements was the development of the highly precise geodetic network in Antarctica and determination of relative velocities and directions of Antarctic plate in the International Terrestrial Reference System (Johnstone, 2002; Dietrich, Rulke, 2008) .
For investigation of local geodynamic crustal movements, a number of projects were established: Victoria Land Network for DEFormation (VLNDEF) and Transantarctic Mountain DEFormation (TAMDEF) (Capra, et. al., 2008) . In the framework of these projects there were investigated the Earth crust deformations of Transantarctic mountains in the Victoria Land region, and the connection between crust vertical movements and glacier-isostatic adjustment. In addition, there was found a rock uplift in Victoria Land region with the average velocity of 4 mm/year (Capra, et. al., 2002 (Capra, et. al., , 2008 .
Within the period from 2001 to 2006 on the Western Antarctic territory, there was established West Antarctic GNSS network (WAGN). This network covers the territory along West-Antarctic Ice Cup from the Ross Sea to the Weddell Sea, and from the Pacific Ocean coast to the Transantarctic Mountains. The results of investigation carried out in the region showed the increase of tectonic activity, in particular, uplift and horizontal movements of the Transantarctic Mountains. Melting of Antarctic Ice Cup and tectonic activity of the regional tectonic faults (Dalziel, et. al. 2006) were considered the possible reasons. The next important object of the geodynamic research in Antarctica is Merry Bird Land. It is one of the Antarctic microplates, which forms West Antarctica. The results of GNSS observations analysis showed minor spreading among Ross bay between GNSS stations (MCM4 and WMBL) (Donnellan, Luyendyk, 1999 , 2004 . Determined horizontal velocities are within 2.3 -1.3 mm/year. It obviously indicates that tectonic activity in the Antarctic rift zone is minimal.
Within the period from 2007 to 2008, under the program of International Polar Year there was developed a project "Earth Polar Observations Networks" -Polenet, which was focused on geodetic-geodynamic researches in Antarctica. Special attention was concentrated on the development of global and regional models (geodynamics, tectonic plates, postglacial rebound and climate systems) and investigation of its changes in time.
Special attention in scientific research of Antarctica is dedicated to investigation of the interconnection between the climate changes and modern movements of the Earth crust. Thus, in the paper (Nield, 2014) continuous GNSS observations on PALM permanent station and on 6 stations of the LARsen Ice Shelf System Antarctica network (LARISSA) for the period of 1998.5 -2013, were used for investigation of the response of low-viscosity solid Earth on the unloading of ice-mass in Antarctic Peninsula region (Nield, 2014) .In paper (Berrocoso, 2016) , the regional geodynamic model of the South Shetland Islands and the Bransfield Basin region was proposed. This model was established based on GNSS observations conducted, during 2002 -2014 on the 9 geodetic benchmarks located the research region. Computed horizontal velocity vectors showed opening of the Bransfield Basin. Subsidence of the benchmarks, located on the Shetland Islands, according to the authors, might be a consequence of tectonic activity of the South Shetland Trench. Uplift of the Antarctic Peninsula benchmarks authors explained as an effect of glacial isostatic adjustment after the Larson B ice-shelf breakup (Berrocoso, 2016) .
As follows, the continental geodynamic model of Antarctica has been established based on the results of complex geological and geophysical investigations. Over the last 20 years, this model has been much updated thanks to the precise geodetic measurements. The measurements of the permanent GNSS network of Antarctica is the main data source, which allows monitoring the recent movements of Antarctic tectonic plate.
The investigation of the Antarctic tectonic plate kinematics is very important for the search of possible dominate factors of whole lithosphere motions. With respect to the tectonic plate's theory, the main cause of these motions is a mantle convection. Nevertheless, this theory does not consider the influence of planetary forces (caused by the Earth rotation, Coriolis forces).
The purposes of the work is Investigation of kinematic parameters of the Antarctic tectonic plate and annual changes of its angular velocity and Euler pole position, using GNSS data.
Research results.
For investigation of rotational motions of Antarctic tectonic plate, we used results of GNSS observations from 28 stations, located on the Antarctic plate for time period 1996 -2014 (fig. 2 ). Coordinates of these stations are displayed in Tab. 1.
Fig. 2. Location of permanent GNSS stations in Antarctica
Daily solutions of each station, were computed by the Nevada Geodetic Laboratory (NGL, 2016) using GIPSY-OASIS-II software with Precise Point Positioning strategy, and daily station coordinates are available on the web-site NGL in IGS08 reference frame.
From the fig.3 we can see, that position of GNSS stations is non-uniform, it is caused by difficulties in the exploration of Antarctica. Besides, the collected observations are not uniform in time. Table 2 shows availability of daily solutions for each station by the years of observations. Analysis of table 2 allows distinguishing five GNSS stations: CAS1, DUM1, MAW1, PALM, SYOG, VESL, which have the longest series of observations of about 20 years. Starting from 2010, time series are almost uniform and continuous. The connection between velocity of permanent GNSS station displacement and Euler pole parameters: coordinates and plate rotation velocity ( fig.3) can be displayed by following formulae: For each point from the array of permanent stations, we can define nonlinear equations 1 and 2. These equations have three unknowns: Euler pole coordinates, and angular velocity vector components. Depending on the number GNSS stations, the number of equations is greater than the number of unknowns (when n ≥ 2, where nnumber of GNSS stations). Determination of unknown parameters (    , , ) can be done using the least squares method (Tretyak, 2016) .
For this, we must differentiate equations (1), (2), and deduce them to the linear form: To determine the components of the horizontal velocity vector B V and L V , we used daily time series of selected permanent GNSS stations ( fig.4) . For each solution, we can write the linear equations:
Using the least square method we separately solved the equations (5) and (6) Weights of each equation (5 -6) relates to continuity and uniformity of data distribution, during observation time. Fig. 4 shows continuous daily time series. A weight of continuity and uniformity for this time series equals to 1. Fig. 5 shows time series with gaps, and fig. 6 -time series with gaps and irregularities in the considered time span of data. Weights of these time series will be different from 1. For a weight computation it is necessary to determine observation interval length:
where 2 1 , t t -the starting and final epoch of observation, respectively. Average length of time span of data is determined, consequently of number of solutions: 
where i t -epoch of th i  solution; n -number of solutions which could be different from the average length of time span data r s ( fig. 8 ). A weight due to data irregularity is computed:
The greater is a deviation, is a difference: 
where 1 P -weight for data irregularity; 2 P -weight for data of continuity; ) we composed correction equations (3 -4). Solving these equations, using the least square method we have got corrections (
), and compute final values of Euler pole coordinates and angular velocity of tectonic plate
Using final parameters we computed model velocities of GNSS station, and determine the mean errors of Euler pole parameters
where :
-diagonal elements of correlation matrix
unit of weight of measured velocity vectors, v -differences between the modeled and measured values of the velocity vectors.
Using the presented algorithm, we have determined the horizontal velocities of the Antarctic GNSS stations, their precision and weight for all time span of observations (Table 3) . The table 3, shows that average precision of vector components equal to about 10% of their length. Fig. 7 shows the map of velocity vectors of the Antarctic GNSS stations for the period of 1996 -2014. As we can see, the vectors have a rotational character that move in the clockwise direction.
For all time span of data, we computed average values of angle velocity and Euler pole coordinates for the Antarctic tectonic plate. Assessment of precision and root mean-square errors of computed horizontal velocities p V m , are given in Table 4 . The precision of the angular velocity determination is two orders less than the velocity values, and precision of stations velocities determination equals to about 1 mm/year. Figure 8 shows the positions of Euler poles, determined as average for the period (1996 -2014) in this paper, and other papers (Drewes, 1998 (Drewes, , 2001 (Drewes, , 2009 Argus, 1991 Argus, , 2011 SOPAC, 2016; Altamimi, 2012; Dietrich, 2001 Dietrich, , 2004 Sella, 2002; Jiang WeiPing, 2009 ).
As we can see from the figure 8 the computed Euler pole is located nearby to the pole computed by SCAR for time period 1997 -2004. Using the results of computation of GNSS station yearly velocities we determined yearly parameters of Euler pole of the Antarctic tectonic plate and its angular velocities (table 5) . Yearly migration of Euler pole is shown in fig.9 . Fig. 10 a, b , and c shows yearly changes of latitude and longitude of Euler pole and angular velocity of the Antarctic tectonic plate.
From the fig. 11 (a, b, c) we can see the connection between the changes of Euler pole latitude and its angular velocity. The decrease of the angular velocity leads to the decrease of the Euler pole latitude, and conversely, respectively. 
